Bandwidth enhancement is a solution that is used to increase the vertical resolution of seismic images. The objective is to improve the interpretation of thin geological structures. The enhancement is achieved by increasing the temporal frequency content of the seismic data using approaches such as de-convolution and spectral scaling. The main problem with these approaches is that they also tend to boost the level of noise. In this abstract, we propose a window-based spectral enhancement solution that has a minimal side effect of noise boosting. The solution first determines, from the data, the useful signal bandwidth that needs to be extended. Then, spectral scalars are computed using a constrained convex optimisation process to obtain a flat output spectrum. The method is computationally cheap, works with few parameters and does not produce any spectral boosting when the data has a poor SNR.
Introduction
The vertical resolution of sub-surface seismic images depends on the frequency content of the seismic data. With the deployment of broadband seismic acquisition solutions, we have managed to boost the spectral contents of the seismic data particularly at the lower end of the spectrum (Day et al., 2013) . However, the earth's absorption is a physical barrier that is responsible for the lack of higher frequencies. Since seismic data is physically band-limited, it is highly desirable to extend the bandwidth of the seismic images in a manner that is robust, artefact free and consistent with the geology.
Many processing solutions are used to extend the bandwidth of the seismic signal while maintaining an acceptable signal-to-noise ratio (SNR). The standard and more physical based solution is Qamplitude compensation (Robinson, 1979) . It tries to recover the high frequencies which have been lost due to the earth's absorption. However, this solution is not enough in many cases due to the low spatial and temporal resolution of the supplied Q field. More-over, it is better applied during depth migration to correctly account for the propagation time and the dispersive nature of wave propagation. Alternatively, statistical deconvolution methods such as spiking-decon (Robinson, 1967) can shape the wavelet and broaden the spectrum of the data. But, they tend to be unstable when the SNR is low and they do not guarantee that the phase is not distorted. Generally speaking, the two problems most often encountered with any of these methods are that they tend to increase the noise level more than the signal and the amount of improvement expected is usually substantially less than an octave (Jenner et al., 2016) .
This abstract proposes a new data-driven solution to increase the bandwidth of the seismic data without many of the limitations of the standard solutions. The solution is implemented over small and overlapping windows using the short-time Fourier transform (STFT). It computes real spectral weights from the data using a constrained optimization process to achieve a maximally flat output spectrum in the useful bandwidth of the data. The process is hence zero-phase and does not cause phase distortion. The useful bandwidth is estimated from the data to avoid boosting parts of the spectrum with poor SNR.
Methodology
The proposed method works over a small temporal window of data, containing traces, that slides with an overlap in time and space to cover the entire data volume. For each local window, the method derives the spectral scalars in the useful signal bandwidth that will be applied to each trace individually. The result of each processed window is aggregated and properly merged with blocking tapers (Bekara, 2013) .
In each window, the segments are tapered and transformed to the Fourier domain to compute an averaged and smoothed log-amplitude Fourier spectrum which we denote by and which we call the pilot spectrum. Smoothing is done using a non-parametric regression method with Gaussian kernel. We denote by the log-amplitude spectrum of the pilot spectrum after the application of the spectral enhancement.
is linearly related to and to the unknown spectral scalars (in decibels), as follows:
The objective is to find to obtain a maximally flat output spectrum , under the constraints that the spectral scalers are bounded by a user's upper limit which we denote by max_boost_dB, i.e., such that, Equation (1) is discretized and solved using a convex optimization routine that belongs to the family of interior point methods (Nocedal et al, 2000) . The bandwidth of the data, i.e., values of and , are obtained using a parametric approach as follows: 1. A Ricker spectrum is fitted to the raw average spectrum of the data in the analysis window. 2. The bandwidth is defined via a user defined decibel drop relative to the dominant frequency of the fitted Ricker spectrum. We found that a parametric approach is more stable than a non-parametric one in producing a smooth signal bandwidth attribute volume, particularly when the SNR of the data is low.
Data example
The process is applied on a small 3D Post-Stack Time Migrated (PSTM) volume from the fast track processing of marine data acquired offshore east of the Mediterranean. Constant Q-amplitude compensation has been applied to the volume but the effect was not so visible. The proposed spectral enhancement solution is applied with the following parametrization: window length=400 msec, window size=11 X 11 traces and the maximum boost in decibel of 20 dB. Figure 1-(a,b) shows a zoom on an area of the stack before and after the application of the process. The area is located below the water bottom where the SNR is good. The effect of the process is more than just a gain applied to the input data. There is a visible improvement in the resolution of some weak reflectors around 3.5sec as indicated by the arrows. The amplitude spectrum of the data after the application of the process is generally flatter compared with that of the input (Figure 1-c) . The boosting was observed over a large bandwidth (5Hz-100Hz) to reflect the relatively good SNR in the data at this two-way travel time. The effect of this process is similar to a time-varying Q-amplitude compensation with high temporal resolution Q-field. This will become clear when we examine other part of the section further down.
A bit deeper, at around 5.0 sec (Figure 2) , we can identify the presence of a set of reflectors with a dominant frequency of about 15Hz. The sharpness and continuity of some weak reflectors have improved after the application of the process (see arrows). The boosting is observed only in the frequency range between (5Hz-50Hz) which corresponds to the frequency content of the signal at this two-way travel time. This range is estimated from the data and it is key in how the solution adapts to the variation of SNR through the seismic volume. The output spectrum is visibly broader as it can be seen from Figure At a deeper level, around 7.0 sec, the effect of spectral enhancement is not visible due to the absence of signal (Figure 3-a,b) . The estimated bandwidth is constrained to be below 30Hz and the solution of the optimization problem in Eq. (1) results in small decibel spectral weights. The flooring of the noise above 60Hz at -50dB is purely numerical round-off error. This robustness to noise is very important as it overcomes one of the weaknesses of conventional spectral enhancement methodologies which is the boosting of noise. Figure 4-(a,b) shows another subline section of the data before and after the application of the proposed spectral enhancement solution. Due possibly to the inaccurate Q value for constant Qamplitude compensation process, the spectrum of the data is skewed below 40Hz in the shallow part of the data (Figure 4-c) . This is issue is corrected to a great extent after the application of the proposed spectral enhancement method. The output spectrum is much flatter and the dominant energy of the data between 40Hz-60Hz is unchanged. In the deep part, where the signal is weak and dominantly below 10 Hz (Figure 4-d) , the enhancement was moderate and the bandwidth was extended up to 20 Hz. This example shows the robustness of the prosed method toward boosting the spectral content of the data with low to moderate SNR. 
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Conclusion
Despite its simplicity, spectral scaling offers a more controllable method to extend the bandwidth of the seismic images in a manner that is consistent with the geology. However, the variation of the signal's bandwidth throughout the seismic volume makes this solution ineffective if it is not adaptive and data driven. In this paper, we have shown that one way to achieve this is to formulate the computation of the spectral scalars as a constrained convex optimisation problem. The resulting solution is robust to boosting the background noise as it restricts the enhancement to the frequency content of the signal. The solution has an effect similar to applying time-varying Q-amplitude compensation with a high resolution Q field.
